ABSTRACT Electronic energy (chemical bond energy) is the exclusive source of utilizable energy in biological systems. The release of this energy is mediated enzymically. The energy required to rupture a single covalent or ionic bond is prohibitively high under physiological conditions [in the range of 80-200 kcal/ mol (1 kcal = 4.18 kJ)]. By the technique of the pairing of bond rupture (two juxtaposed bonds ruptured simultaneously) and the pairing of bond formation, enzymes can bypass the huge thermodynamic barrier to chemical change inherent in rupture of a single bond and operate within thermal limits. Enzymes accordingly can be conceived ofas the energy machines that translate this principle. The principle of this transduction is that the energy required for forming a new covalent bond can fall within thermal limits when the original charged atom partner to the bond is displaced by a substitute charged atom under conditions in which the charge field of the bond remains constant during the substitution. In the transition from classical enzymology to energy coupling, muscular contraction, template-dependent replication, etc., new dimensions and possibilities are added to the basic enzymatic machinery. Specialized molecular devices (membranes, filaments, channels, templates, etc.) have to be introduced to make possible these extensions and permutations of enzymology. But it is demonstrable that the basic pairing principle is fully preserved during any of these modifications or extensions. Long range movement-of an ion, a filament, or a template-is the most important property introduced into classical enzymology in the transition to energy coupling systems. The question we are posing in the present communication is whether there is a unique principle applicable to all ofbioenergetics that underlies the release of electronic energy just as there is a unique principle applicable to the entire domain of heredity that underlies the replication of DNA, RNA, and proteins (1). Is there, in short, only one way of "bleeding" electronic energy from metabolite molecules to do biological work? Parenthetically, it should be emphasized that electronic energy is the only energy source available in living systems; and even in photosynthesis, in which light energy mediates the formation of chemical bonds, it is the electronic energy thus trapped that is released to do work. The study of energy coupling has traditionally focused on this very problem of the mechanism of release and utilization of electronic energy, but the dividends from such studies were marginal as long as the mechanisms proposed were in terms of paraphysical principles such as the high-energy intermediate (2) or its latter day replacement, the protonmotive force (3). It was only when the direct coupling pattern in the mitochondrial energy coupling system was first recognized (4) that attention could be directed to the device by which electronic energy is liberated-namely, the enzyme. If direct coupling is the hallmark ofboth energy coupling and enzymic catalysis, then coupling has to be enzyme-mediated-a conclusion that has been documented and developed elsewhere (5).
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Implicit in the technique of direct coupling, such as the coupling of electron transfer to ion transport by electron transfer complexes or the coupling of ATP pyrophosphorolysis to phosphorylation of glucose by hexokinase, is the notion of pairing.
The separation of electron and proton in electron transfer complexes is paired to the separation ofcation and anion, to mention only the first of three pairing maneuvers. The rupture of the P-O---P bond ofATP is paired to the rupture ofthe C-O-H bond in glucose in the hexokinase reaction, and the formation of the P-O--H bond in ADP is paired to the formation of the C-O-P bond in glucose. Direct coupling thus means that bond rupture and bond formation are paired processes.
Why should the pairing principle be an invariant attribute of enzymic catalysis? The rupture of a single covalent or electrostatic bond into the component charged atoms (separated to infinite dilution) requires 80-200 kcal/mol (1 kcal = 4.18 kJ) depending on the nature of the bond as shown by the data of Table 1 drawn from standard sources (6) (7) (8) . There clearly is no way by which an enzyme can bring about catalysis by rupturing one bond at a time. The energy required for one-at-a-time bond rupture would be prohibitively high physiologically. It is important to recognize that forming a new bond requires not only rupturing the original bond but providing the partners for the new bond. One without the other would be useless. The perturbed system would merely return to the original bonded state without any change being effected in absence of the availability of partners for reaction. The pairing technique by which bonds are ruptured and formed in pairs gets around both the formidable thermodynamic barrier (9) To visualize more easily the nature of the modifications introduced into the basic enzymic pairing maneuver, let us represent this maneuver in the form of the tetrad diagram shown in Fig. 1A in which the original bonds AB and CD are lined up vertically and the new bonds AC and BD are lined up horizontally. In Fig. 1B the same maneuver leading to the coupling of electron transfer to transport ofcations is represented. The tetrad relationship ofpaired bonds disappearing and paired bonds appearing is fully preserved. But clearly there have been important innovations in the details of the basic technique though not in the principle. First, one ofthe starting bonds and the final bonds are ionic in nature-AC being long range and AB, CD, and BD being short range (atomic). The separation of electron and proton is mediated by an electron transfer chain to capture the electron and by an aqueous phase at the membrane interface into which the proton is extruded. The separation ofcation and anion is mediated by an ion transport channel to capture the cation and by the same aqueous phase at the membrane interface into which the anion is extruded. By virtue of compartmentation (separate devices for capturing electron and cation, respectively, and separate butjuxtaposed domains for the initial paired charge separation), the coupled sequences are kept physically apart and can interact with one another only via long range coulombic attractive forces.
As the result of this set of modifications, translational movement has been introduced into enzymology (active transmembrane transport of a cation) as well as coupling flexibility (depending upon the nature ofthe positively charged ion transported, a whole set of coupling options are open). In addition, these modifications result in the stabilization of the charged species-the species that are required to do biological work. We have represented only the initial events in the coupled reactions shown in Fig. 1 B, C, and D zyme action is inextricably linked to special devices such as chains, channels, filaments, etc., then the dissection of the enzyme (assuming this to be possible) from these essential components can be a meaningless performance.
A crucial distinction between classical enzyme catalysis and energy coupling lies in the nature of the bonds ruptured and formed. In the former case the bonds are exclusively covalent; in the latter case, at least one ofthe starting bonds is electrostatic and both of the new bonds formed are electrostatic. The possibility of the movement of charged species is introduced by electrostatic bonding as shown in Fig. 2 . The two partners of the bond can move together in lock step through their respective chain or channel, transferring from one acceptor to the next. There are two tetrads-one at the beginningofthe energy coupling sequence and the other at the termination of the sequence.
The relationship between photochemical enzyme systems such as bacterial rhodopsin and classical enzymes needs some comment. A more meaningful comparison can be made between cytochrome oxidase and bacterial rhodopsin-both of which are energy coupling systems. Both systems can mediate the coupling of electron transfer to ion transport (Fig. 3) ; both systems contain an electron transfer chain and an ion transport chain (16 (9) .
To return ta a point made in briefwith respect to the enzyme as transducer, the thermodynamics of the conversion of electronic energy to the coulombic energy of separated, charged species as in energy coupling needs some comment. Because, as shown in Fig. 1 , the separated charged species ultimately form covalent or ionic bonds, it must be assumed that the energies of the separated charge species and the energies of the bonds which these form must be comparable in magnitude. Is that in fact so? The calculations of Parsegian (15) species (e.g., the electron and cation) are separated by at least 15 A in their respective chain or channel. Such separation should result in a marked diminution in total energy and thatresult would argue against the reversibility oftransduction. But it is not excluded that, by virtue ofthe intense electrostatic field and the conformational flexibility of energy coupling complexes, it would be possible for an electron transfer complex to undergo a twisting constriction that would allow the distance separating electron and cation to be a magnitude at which energy loss would be minimal. Parsegian (15) invokes a local major constriction of a liposomal bilayer in response to the presence of a charged species inserted in the bilayer, and some comparable constriction could be invoked for electron transfer complexes to rationalize the reversibility of the enzyme-mediated transduction.
In nerve transmission membrane, potentials are undoubtedly generated when the units of nerve action are stimulated by appropriate signals (electric current; acetylcholine and other neurotransmitters). These membrane potentials are consequences of the, transduction of the osmotic energy of salt gradients (salts of Na' and K+) into the coulombic energy of uncompensated charged species (Na+, K+, Cl-, etc.), and this transduction is mediated by cation-specific ionophoric channels. The point to be made is that, although unpaired transduction ofelectronic energy to coulombic energy is a prohibited option for enzymes, no such prohibition applies to the channelmediated transduction of osmotic energy to coulombic energy in neural signaling systems.
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